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1.  INTRODUCTION 


The  following  is  a report  of  work  completed  under  AFML 
contract  No.  F336l5-77-C-5l65  for  the  period  ending  30  June 
1979*  The  study  involves  the  physical  chemical  properties  of  the 
poly(l,4  phenylene  benzbisthiazole) 


PBT 


and  the  poly  (1,4  phenylene  benzbisoxazole) 


This  report  will  include  polymer  characterization  by  means  of  absolute 
intensity  light  scattering  (AILS),  intensity  fluctuation  light  scatter- 
ing (iFLS),  electronic  absorption  and  fluorescence  spectroscopy, 
viscometry,  and  exclusion  (or  gel  permeation)  chromatography  (GPC), 
and  studies  of  the  phase  equilibria  of  moderately  concentrated  solutions. 

Both  PBO  and  PBT  have  a rodlike  chain  conformation,  exhibit 


I 


limited  solubility,  and  will  form  nematic  liquid  crystalline  solutions 
under  appropriate  conditions,  Infornation  on  molecular  conformation, 
chain  dimensions,  interchain  interaction  and  interchain  association 
is  important  to  the  understanding  of  the  behavior  of  PBO  and  PIT,  and 
will  be  elucidated  by  the  characterization  studies  with  dilute  solu- 
tions. The  studies  of  phase  equilibria  will  provide  Information  on 
the  order-disorder  transition  for  comparison  with  theoretical  predic- 
tions. 

In  the  following  section,  a number  of  equations  used  in  the 
analysis  of  physical  chemical  data  on  dilute  solutions  are  gathered 
together  for  easy  reference,  and  to  permit  an  overall  perspective  of 
the  nature  of  the  study. 
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2.  PHYSICAL  CHEMICAL  CHARACTERIZATION  METHODS 


Physical  chemical  characterization  of  PBO  and  PBT  by  studies 
of  dilute  solutions  will  involve  the  following  experimental  parameters: 


M the  molecular  weight 


R the  root  of  the  mean  square  radius  of  gyration 

G 


the  second  virial  coefficient 


6 

^0 


the  molecular  optical  anisotropy 

the  translational  friction  coefficient 

(at  infinite  dilution^  denoted  by  superscript  O) 

a hydrodynamic  radius^  defined  as  sP/Gr^f]  , with 
Yj^  the  solvent  viscosity 

the  rotatory  diffusion  constant 
(at  infinite  dilution) 


17)1 


the  intrinsic  viscosity  defined  as  lisairj^Tl  )/r) 
with  Yj  the  viscosity  for  c=0 

concentration  c 


X 


the  extinction  coefficient  for  absorption  at 
wavelength  X 


k: 


the  quantum  yield  for  fluorescence  with  wavelength  X 


the  Perrin  self-extinction  for  fluorescence  with 
wavelength  X 


r the  fluorescence  emission  anisotropy 


In  the  analysis  of  experimental  data^  it  will  be  convenient 
to  refer  to  the  predictions  of  the  wormlike  chain  model,  which 
involves,  in  addition  to  the  above,  the  characterization  parameters  : 
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p the  persistence  length 

L the  chain  contour  length,  equal  to  with 

the  mass  per  unit  length 

6 the  intrinsic  optical  anisotropy  of  the  (presumed) 
cylindrical  scattering  elements 

d the  hydrodynamic  diameter  of  a chain  element 
the  thernwdynamic  diameter  of  a chain  element 

In  our  discussion  will  be  calculated  as  I,  with  m^ 
the  mass  of  a repeat  unit  with  length  i,.  For  example,  values  of 
m^  = 23k,  I = 12.8  A and  = I8.3  A‘^  for  PBO  and  = 266, 

i,  = 12.1  and  = 22.0  A ^ for  PBT  will  be  used.  For  the  wormlike  chain 


model,  which  reduces  to  the  rodlike  model  for  small  L/p^ 

R|  = few(L/p)  (la) 

W(Z)  = {h/z){l  - 5Z"^  + 6z"^  - 6z"5[l  - e3^(-z)]}  (lb) 

= 5^  Y(L/p)  (2a) 

Y(Z)  = (2/3Z)C1  - (5Z)‘^C1  - exp  (-JZ)]}  (2b) 

[1  - b^(L/p)C+  ...]  (3a) 


Rjj  = S%rTfj^  = I H"^(l/p,  L/d^) 

lim  H(L/p,  L/dj^)  = H(L/d^) 

L/  p=0 

H(X)  = ^nX  + 0.3863  + 0.04167  - 0.0625X‘^  + ... 

X 

2 H(l/p,  L/d  ) 

«w  = ""iW  f(L/d:) 

n 

lim  F(X)  = 0?zX+  25n  2 - 7/3 
d/p<0. 1 

h(x)/f(x)  2;  1-3^ 


(5c) 

Aa) 

Ab) 

(^c) 

(5a) 

(5b) 

(5c) 


The  first  four  parameters  are^  of  course^  derived  from  AILS 
experiments^  whereas  is  derived  from  IFLS  data.  Thus,  with  and 
R^^  the  vertical  and  horizontal  components,  respectively,  of  the 
Rayleigh  ratio  with  vertically  incident  light  for  AILS; 


[R^^(u)/KMc]°  = (1  + i g2)  1 j-i  . I f^5  + ^ ^ 
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(7) 


CBjj^(u)/KMcf  = I S®  - i ^ 5^  V + ... 

2 2 

where  u = R^h  with  h = (ll-irn/X)  sln(9/2),  and  the  superscript  0 denotes 
the  limit  of  infinite  dilution  , and 

R^^(0)/KMc  = (1  + t 8^)  - 2i^Mc  + o(c^)  (8) 

Rjj^(0)/KMc  = I 5^  + O(c^)  (9) 


The  parameters  f-,  fp,  and  f , which  depend  on  L/p,  may  all  he  set 

/ 8 

equal  to  the  limiting  value  unity  for  small  L/p  for  our  purposes. 

The  translational  diffusion  coefficient  is  derived  from 
IFLS  measurements  of  the  intensity  correlation  function  gg(hjt); 


fh  .1 

— 2 = 


(10) 


where  {n)  is  the  average  photon  count  rate^  and  (n^n^)  Is  the  average 

product  of  photon  count  rates  measured  time  t apart*  For  the  systems 

9 

studied  here^  we  will  npply  the  relation 


^(h,t)  = 1 + 7 (h,t) 


(11a) 


gj(h,t)  = exp(-  t/2Tj^) 


(11b) 
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where  7 is  a coherence  factor  (see  the  next  section),  and  the  time 
constant  is  given  by 


with 


D = 

M ""  dv  1 - KjjV^c 


where 


S=  S (1  + f{n,A^)  c + ...  ) (14) 

the  osmotic  pressure  rr  given  by 

IT  = kTv  [1  + •.  ] (15) 

in  terms  of  the  number  density  v = cN^M  of  the  solute^  is  a 
hydrodynamic  factor  and  is  the  solute  specific  volume.  Consequently^ 
for  small  c, 

lim  D = kT/H°  (I6) 


If  the  samples  exhibit  molecular  weight  dispersity^  as  is 

the  case  with  the  PBO  and  PBT  polymers  studied  here,  then  the  light 

LS  2 0 LS 

scattering  averages  M , (s  ) y ^ H ^ derived  from 
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AILS  and  IFLS  experiments.  These  can  be  related  to  M,  etc. , but 
for  our  purposes  it  is  convenient  to  consider  the  average  quantities 
calculated  with  Eqns.  1-lf  for  the  limiting  case  with  very  small  l/ p, 
as  this  is  the  limit  of  interest  with  PBO  and  PBT.  In  this  limit,  it 
is  convenient  to  define  average  rod  lengths  corresponding  to 

each  of  the  experimental  parameters; 


LS  1/2 

\ ^ [12  ] = [IzI'z+l^ 


"°’^®H(L/d  ))  0.8  / E°^^®xl.887l^ 


0.2 


3tttj-  d 


0.2 


(17) 

(18) 

(19) 


In  the  relation  for  L the  functions  H(L,djj)  and  F(L/djj) 
can  be  approximated  by  the  relations 


H(L/djj)  . 

« 1.887  (L/d^)°*^ 

(20a) 

F(L/djj)  ^ 

« l.h03  (L/djj)°'^ 

(20b) 

which  provides  satisfactory  fit  for  h/djj  in  the  range  30  to  5OOO. 

Use  of  Eqns.  19-20  requires  an  estimate  for  d^^,  but  since  d^  enters 
0 2 

as  djj  ' , the  estimate  need  not  be  accurate. 

Similarly,  an  average  length  can  be  defined  in  terms  of 
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C??]: 


2lf00Fl^[tj]  jO  ( 214-00x1.  l(-05M^[r7]  IfTH 


ttN^L 


0.2 


0.2 


(21a) 


L = L (M_/M  ) 
fj  w'  7J  w 
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(21b) 


with  [tj]  in  dl/g,  where  Eqn.  (20b)  has  been  used  for  F(L/djj)  over  the 

range  of  L/d  of  interest  here.  As  with  Eqns.  19-20 • it  is  necessary 
’ rl 


to  have  an  estimate  for  d 


0.2 


H 


to  compute  L . An  average  free  of  this 

r? 


requirement  is  given  by 


7200 


L _ 


= L (M_/M  ) 
‘ W 71  Ml 


0.8 


(22) 


Fluorescence  measurements  of  interest  include  the  emission 

anisotropy  the  lifetime  of  the  excited  state^  and  the  absolute 

F 

fluorescent  intensity  R ^ expressed  as  a Rayleigh  ratio*  The  emission 

F 

anisotropy  x,  given  in  terms  of  the  fluorescence  components  R^^  and 


r = 


F F 
^v  ~ ^v 
F F 


(23) 


is  related  to  the  rotatory  diffusion  coefficient  D for  rigid  particles: 

R 


r . rj,[l  + 6 d^Tj.] 


(24) 


11 
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Here  the  intrinsic  emission  anisotropy  r^  is  related  to  the  angle  p 
between  the  emission  and  absorbance  transition  vectors; 

Tq  = f (3  P'l)  (25) 

so  that  r^  is  2/5  if  P is  zero. 

For  polydispersed  systems,  an  average  value  r is  obtained. 

If  p and  Tg  are  identical  for  all  species,  and  is  not  too  large, 

then. 


r 2:  r^[l  + 6Ve] 


(26) 


F 

where  is  the  appropriately  averaged  value  of  D for  a system  with 
R 


R 


molecular  weight  heterogeneity  (see  below).  For  rodlike  chains 


12 


= 


R K300  nMri^ 


(27) 


(with  [tj])  in  dl/g,  so  that 


D = r— ■ 

R 5500 


(28) 


with 


= M M M„  f M“^f(M)dM 
R n w ^ ^ 


(29) 


illustrating  the  substantial  contribution  to  D of  short  chain  length 
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components  of  the  distribution. 

Although  absorption  effects  are  not  iiiq)ortant  in  measure- 
ments of  r,  they  must  be  considered  in  studies  of  the  quantum  yield 

0 F 

K (at  infinite  dilution)  which  is  related  to  R /c.  (in  the  follow- 

F F F 

ing  R refers  to  the  experimental  quantity  Two  experi- 

mental arrangements  are  of  interest: 

F 

1)  R ^ the  fluorescence  at  right  angle  to  the  incident  beam^  and 

F 

2)  Rg,  the  fluorescence  reflected  back  along  the  incident  beam. 

F 

For  the  former,  R /c  is  given  by 

sinh((i  Z\4/2) 

(Rp/c)  = Hj^rexp[-4i^X  + + K^)c]  ^^Oa) 

X 

where  \ and  X’  the  wavelengths  for  the  incident  and  fluorescent 

radiation  with  pathlengths  Z and  Z'  in  the  sample^  respectively^  Aj6 
is  the  width  of  the  illtiminated  volume  viewed  by  the  detector^  and 
K is  the  Perrin  quenching  coefficient.  Since  can  be  made  small 

q 

experimentally^  conditions  are  used  such  that  (sinhx)/x  is  essentially 
unity  (e.  g. , so  that  Eqn.  (30a)  becomes 

(Rp/c)  exp[-  (^^i  + + K^)c]  (50b) 

With  the  reflected  optics. 
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where  L is  the  depth  of  the  illuminated  slab  of  solution.  For  large 


enough  L(e.  g. , )cL  >5)  Eqn.  (jla)  becomes 


M- 

eKp(-K^) 


C - IJ..  + I1 


(31b) 


^ i 

SO  that  provides  a measure  of  nearly  independent  of  the  con- 

centration c if  KqC  is  very  small. 

Relatively  little  information  is  available  on  Kq  for  pol3nneric 

13 

solutes.  According  to  the  analysis  of  Perrin^  represents  a volume 

within  which  intermolecular  interactions  can  affect  the  electronic 

state  responsible  for  fliK>rescence.  Thus,  may  provide  information 

on  intermolecular  association.  In  part^  this  study  is  motivated  by 

F 

observations  that  Rp/c  appears  to  be  variable  with  PBO  polymers  at 
dilutions  normally  used  for  light  scattering  and  viscosity  measurements. 

Exclusion  chrcraiatography  provides  data  on  the  eluent  concen- 
tration c as  a function  of  the  elution  voltime  V . The  so-called 

e 

universal  calibration  of  with  that  appears  to  be  valid  with 

flexible  chain  polymers  provides  a means  of  transforming  to  and 
hence  permits  the  estimate  of  etc^  from  the  observed  data 

on  c and  V^.  Theoretical  calculations  suggest  that  might  more 
fundamentally  be  a function  of  R^,  the  maximum  dimension  in  the  projec- 
tion of  the  chain  on  plane* 


(32) 


for  Jinear  flexible  coil  random- flight  chains: 


whereas  for  a rodlike  molecule 


(33) 


(3^) 

If  expressed  in  terms  of  for  the  random- flight  chain  (non-draining 
hydrodynamics ) 


COIL:  M[?7]  = ttN^R^  x 0.  18  (55) 

and  for  a rodlike  molecule 

ROD:  MC:,]  . X (36) 

With  F put  equal  to  its  average  value  for  the  range  of 

interest,  it  is  seen  that  M[^]  is  proportional  to  R^  for  both  coil  and 
rodlike  chains,  so  that  if  Eqn.  (32)  applies,  should  be  a function 
of  for  both  chains.  For  example,  if 
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(37) 


b5  = A'  exp  (-BVg) 


then 


Kril  = A exp  (-BVg)  (38) 

where  A = = O.lSrrN^A’  for  coils,  and  A = A^^  = (l/3(F))TrN ^A'  for 

rodlifce  chains.  For  L/d^  in  the  range  10  to  100,  is  about 

2,5,  so  that  A^/A^  is  about  O.lh,  As  may  be  seen  in  the  ^pendix, 

the  successive  ratios  M/M,m/M,M  ,/M  calculated  from  the 

w n^  z'  w z+V  z 

chromatography  data  using  Eqn,  (38)  do  not  depend  on  A,  so  that  these 
are  expected  to  be  useful  so  long  as  can  be  represented  as  a 
function  of  On  the  other  hand,  the  averages  M^,  etc. , are 

all  proportional  to  (^K)l+a,  where  a = and  K = 

Thus,  since  for  rodlike  chains,  a ^ 1.8,  neglect  of  the  difference 
between  and  A^  could  result  in  the  taalecular  weights  based  on 
Eqn,  (38)  that  are  about  10  percent  too  large  if  is  fundamentally 
a function  of  R... 


Ih 


5.  EXPERIMENTAL 


!•  Absolute  Intensity  Light  Scattering;  The  Analog  Light  Scattering 
Apparatus  (ALSA)  described  previously  has  been  used  for  all  AILS 
studies  described  here.  As  with  studies  described  previously^  small 
Dandliker  cells  (ca  5 ml  solution  volume)  were  used.  Solutions  were 
filtered  into  the  cells^  degassed  and  sealed  under  vacuum  to  prevent 
contamination  by  moisture.  Appropriate  corrections  for  absorption 
and  fluorescence  were  applied.  Measurements  included  R^^(u)  or  Ry.^(u)= 
R^^(u)+R^^(u),  and  Samples  were  investigated  prior  to  centri- 

fugation, and  after  centrifugation  in  a swinging -bucket  rotor  (8,000 
rpm)  for  15-20  hours.  In  the  portion  of  the  cell  used  for  light 

scattering  experiments,  the  centrifugal  field  was  about  5^000  g. 

2 bS 

Evaluation  of  and  (s  ) from  AILS  data  requires  an 
estimate  for  5.  As  discussed  previously,  this  can  involve  comparison 
of  R^^(u)  with  R^^(u),  or  can  be  obtained  solely  from  R^^(u)  if  the 
molecules  have  a rodlike  conformation  (e. g. , small  L/p). 

Thus,  for 


[^] 


/ 2.  ,2 


] 


(39) 


where 


<s^> 


p p 
^8  M<s  > 


LS 


APP,H 


iho) 


LS 

with  the  light  scattering  average  ^ if  a function  $ defined  as 
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==  I # Mf  (M)dJ^|f(M)dM 

o o 

with  f(M)  the  weight  distribution  function  of  M.  From  Eqn.  (39) 

= 5/3CKc/E^^(0)f 

,2.  ^7  1 9CKc/Rg^(u|l 

Wh  3 rx.„/„  fnS-P 


2 2 

Although  (6  M)  and  ^ are  in  general  functions  of  h/p,  for 

small  l/p  they  become  Independent  of  L/p; 


lim  (8  M)  = 8 M 
L/p=0 


11»  <s  H = > 

L/p=0 

» LS  , 0^2 

,2.  1 ^ f Zs  z+1 


Consequently^  if  estimates  for  and  available^  the 

2 

value  of  (s  )app  p t*®  used  to  estimate  M with  Eqn.  (i|-5)<  In  turn. 


'APP,H 


this  value  of  can  be  used  to  estimate  8 by  use  of  Eqn.  (41f). 

Given  the  estimate  for  8,  data  on  (u)  or  (u)  can  be 
2 LS 

analyzed  for  and  (s  ) . For  exan^jle,  for  small  l/ p. 


r -1° 

r Kc  1 

1 

i + ■■■ 

II 

PSi  ^ 

(1  + I S^  )M 

' 5 w 
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where 


4 47  2 

, 2,  ^ , 2,^S 

^APP,H  ;L  7 g2  ^ 

5 


(48) 


LS 


with  (s  ) given  by  Eqn.  (46).  In  terms  of  experimental  parameters. 


Kc 


(I  + ^ ^)M 

' 5 w 


(^9) 


and 


, 2, 

<®  >APP,U  ^ ~ ~7-7JT 


9CKc/Ruv^°^^ 


0 


CKc/Ry^(0)]  ah' 


(50) 


LS 


For  a consistent  analysis^  and  (s  ) obtained  with 

Eqns.  (47-50)  should  be  consistent  with  the  values  obtained  with 
Eqns.  (42-46)*  Failure  for  such  consistency  could  involve  deviation 
of  the  chain  conformation  from  the  assumed  rodlike  structure^  or  the 
effects  of  interchain  association*  The  former  should  not  be  a problem 
unless  l/p  > 1. 

2*  Intensity  Fluctuation  Light  Scattering  A Digital  Light  Scattering 
Apparatus  (DLSA)  with  a Data  Acquisition  System  (DAS)  has  been  used 
for  IFLS  measurements.  A schematic  drawing  of  the  DLSA  is  given  in 
Fig*  1.  Important  experimental  parameters  include  the  diameter  d of 
the  pinhole^  the  number  of  post-autocorrelation  average  and  the 
delay  time  used  in  data  collection.  In  addition^  data  can  be 


collected  with  or  without  the  use  of  a lens  to  focus  the  incident 
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IS 


beam  in  the  scattering  cell.  The  general  relation  for  the  autocorrela- 
tion of  the  scattered  light  intensity  fluctuations  can  be  written  in 
the  form 

^ 2<n>j^^<n>7'gj^(h,t)  + <n>^[g2(h, t)-l]  (5I) 

where  (n)  and  (n^n^)  are  defined  above,  is  the  count  rate  for  a 

local  oscillator  mixed  with  coherence  factor  7'  with  the  scattered 
light,  and  for  the  type  of  scattered  light  of  interest  here, 

g2(h,t)-l  = 7g^(h,t)  = 7exp(-t/T^^)  (52) 

For  measurements  to  be  considered  here^  (n)  » ^ where 

arises  solely  from  stray  light  (dust,  reflections,  etc.),  so  that  Eqn4(5l) 
reduces  to  Eqn.  (lO)  given  above.  In  treating  IFLS  data,  it  is  conven- 
ient to  analyze  the  data  in  terms  of  the  curaulants  defined  by  the 
relation 


K = - I C<n  n > - <n>^  ] (55) 

^ ^ t=0  ^ ° ^ 

Thus,  for  example, 

K2  = 0 
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if  ^ is  given  by  Eqn.  (ll).  Deviation  of  from  zero  is  an  indica- 
tion of  deviation  of  gj^(h, t)  from  Eqn.  (lib),  either  because  of  the 
effects  of  molecular  weight  heterogeneity  or  intramolecular  relaxations. 
With  the  DAS  used,  t is  measured  in  increments  of  tp; 


t = TjjT  (56) 

where  T varies  from  1 to  20  and  Tjj  = (12.6  x lo'  )2  (sec)  with  N > 0 
for  the  experiments  reported  here.  An  argon- ion  laser  (Lexel  Model  85) 
was  used  as  the  light  source  ( in  single-mode  operation)  with  an 
incident  intensity  of  about  0.2  watt  at  a wavelength  of  51^*9  n®* 

This  is  sufficient  to  cause  localized  heating  if  the  beam  is  focused 
into  dilute  solutions  of  PBO  or  PBT  owing  to  the  weak  absorption  of 
light  obtained  with  these  polymers.  Consequently,  it  is  necessary  to 
use  the  beam  without  benefit  of  focus,  resulting  in  a reduction  in  the 
coherence  factor  7.  The  effect  of  variation  of  d,  M and  the  use  of 
the  lens  is  illustrated  in  Fig.  2 which  illustrates  the  autocorrelation 
function  in  the  form 


^c(t) 


= Bn 


(57) 


obtained  for  a solution  of  polystyrene  In  decalin  for  a variety  of 
conditions  with  coherence  factors  7 ranging  from  0. OI6  to  0.75.  It 
can  be  seen  that  satisfactory  data  can  be  obtained  without  the  use  of 
a lens,  despite  the  reduction  in  7.  Iforeover,  the  most  efficient 
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operation  (smallest  M for  satisfactory  results)  is  not  obtained  with 
conditions  giving  the  largest  7.  Rather,  the  best  range  seems  to  be 
with  7 about  0.1  to  0.2,  a range  used  with  most  of  the  experiments  on 
PBO  and  PBT  solutions. 

A schematic  drawing  of  the  sample  cell  used  for  IFLS 
measurements  is  given  in  Fig.  5*  The  cell  requires  about  1 ml  of 
solution.  With  PK)  and  PBT  solutions,  the  solution  was  filtered 
into  the  cell,  degassed  and  sealed  in  the  cell  under  vacuum.  Solutions 
were  examined  both  before  and  after  centrifugation,  as  with  AILS 
measurements.  In  addition,  the  IFLS  cell  holder  permits  measurements 
to  be  made  as  a function  of  height  in  the  cell  ; that  is,  as  a 
function  of  position  in  the  centrifugal  field  experienced  during 
centrifugation. 

Even  though  the  solutions  of  PBO  and  PBT  to  be  studied 
absorb  some  of  the  ^ih.  5 A wavelength  light,  resulting  in  possible 
slight  localized  heating  and  convection,  these  effects  should  not 
be  important  so  long  as  « (n)  (otherwise  the  term  linear  in 

(n)  in  Eqn.  (5I)  would  contain  a factor  dependent  on  the  thermal 
heating  effects).  In  order  to  confirm  the  ejqiected  behavior,  IFLS 
was  measured  for  solutions  of  polystyrene  in  butaiujne,  with  and 
without  a small  amount  of  a dye  (crystal  violet)  added  to  make  the 
absorbance  of  the  polystyrene  solution  similar  to  that  of  the  PBO  and 
PBT  solutions  studied.  As  may  be  seen  in  Fig,  %,  the  added  dye  did 
not  affect  the  IFLS  data. 

3,  Fluorescence  Measurements,  Measurements  of  r were  made  with  the  ALSA, 
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WEIGHT 


Figure  3 


Sample  cell  used  for  IFLS  measurement  allowing  adjustment 
of  vertical  position. 


with  652.8  nm  incident  radiation  from  a He-Ne  laser^  using  an  inter- 
ference filter  between  the  sample  and  the  photomultiplier  to  remove 

F 

the  scattered  light  at  652.0  nm.  Measurements  of  R were  made  either 
with  the  ALSA  with  652.8  nm  incident  radiation  or  the  DLSA  with  488.0 
or  nm  incident  light.  In  the  latter  case^  a special  cell  holder 

was  devised  to  accept  a standard  10  mm  path  length  fluorescence 
couvette.  The  holder  was  equipped  to  translate  the  cell  along  or  per- 
pendicular to  the  incident  beam  direction  by  a measurable  amount^  to 
permit  systematic  variation  of  X and  X*  (see  Eqns.  50  and  5l)*  ^ 

interference  filter  with  a variable  wavelength  along  its  length  was 
used  to  select  the  wavelength  X*  of  the  fluorescence  reaching  the 
photomultiplier.  With  the  DLSA^  the  incident  beam  was  modulated  at 
450  Hz  by  a mechanical  chopper^  so  that  C(t)  is  a triangle  wave  with 
period  1/450  s and  peak  to  peak  amplitude  equal  to  the  square  of 
count  rate  from  the  fluorescence  intensity.  This  procedure  eliminates 

the  effects  of  photomultiplier  thermionic  emission^  stray  room  lights 

F 

etc. ^ from  the  count  rate  used  to  determine  R . 

F 

With  the  ALSA^  values  of  R are  calculated  by  comparison  of 

the  photomultiplier  current  from  the  fluorescent  sample  with  that  from 

a glass  block  with  known  turbidity.  With  the  DLSA^  the  count  rate 

from  the  fluorescent  sample  was  compared  to  that  for  the  scattering 

from  a polystyrene  solution  (at  the  wavelength  of  the  incident  light). 

F F S S 

Thus,  values  are  reported  as  = R /r  , where  R is  the  Rayleigh 
ratio  of  the  polystyrene  standard. 

The  response  of  photomultipliers  used  in  the  ALSA  and  DLSA 
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F 

is  not  calibrated  as  a function  of  wavelength.  Consequently  R is 
only  known  to  within  a calibration  constant  equal  to  the  photomulti- 
plier response  at  X X'  • 

Ij..  Intrinsic  Viscosity.  Viscosity  measurements  were  made  with 
suspended- level  Ubbelohde  viscometers  using  methods  described 
previously.  Solutions  were  filtered  into  the  viscometers 
and  maintained  under  nitrogen  during  measuren^nts.  Owing  to  the 
long  flow  times  used,  kinetic  energy  corrections  to  the  flow  time 
were  negligible,  so  that  the  relative  viscosity  ^^s  just 

the  ratio  of  solution  and  solvent  flow  time.  Graphical  representation 


of  the  data  included  plots  o 

1/2 


c versus  according  to  the  relations; 


+ ...}  (58) 

- Mtl  - (|  - It'  )t7)]c  + (j  - k'+k")(Mc)^  + ...  ] (59) 

We  = Wfi  - (f  - 3 (So) 

For  typical  flexible  chain  polymers,  - k’  « 1 for  concentra- 
tions used,  so  that  ^ Ctj]* 

c 

5.  Exclusion  Chromatography.  An  exclusion  chromatograph  described  else- 
where was  used  to  study  solutions  of  PK)  and  PBT  in  methane  sulfonic 
acid  (MSA).  The  column  was  calibrated  to  give  the  elution  volxnne 
as  a function  of  M[^j  for  flexible  chain  polymers,  and  has  been  used 
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with  heterocyclic  polymers  in  MSA.  A visible  absorption  spectrometer 
was  used  to  determine  the  eluent  concentrations  as  a function  of  V 

e' 
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h.  RESULTS  AND  DISCUSSION 


of  Ionic  Strength;  In  previous  reports.  It  has  been 

shown  that  PBO  and  PBT  are  protonated  in  acids  of  the  type  RSO_H. 

5 


P + n RSO,H  ^ P.h'*'”  + nRSO" 

5 3 


In  addition,  the  protic  sulfonic  acids  are  self-protonated  in  varying 
degree  to  produce  ions  that  alter  the  ionic  strength  I: 


2RS0,H 


RSO^Hg 


+ RSO, 


Owing  to  long  range  intermolecular  electrostatic  interactions,  the 
ionic  strength  of  the  acid  solvent  can  have  considerable  effect  on 
properties  such  as  tjgp/^  ^ ^ (the  latter  at 

concentration  c).  In  particular,  the  ionic  strength  is  very  low  for 
ClSOjH  (l  ri,  10  ^ fflol/l),  whereas  it  is  rather  large  for  CH^SO^H 

_p 

(l  5 X 10  mol/l),  two  of  the  solvents  most  often  used  with  PBO  and  PBT. 
With  these  two  reagents,  the  Debye  ionic  radius  b calculated  as 


2 

^ =Too4t" 


(61) 


is  3 A for  CHjSO^H,  but  50  A for  CISO^H  (with  the  dielectric  constant 
e equal  to  lOO). 

LS 

The  effect  of  this  difference  on  may  be  seen  in  Fig.  5* 
showing  results  for  Kc/Ry^(o)  and  Kc/Rjj^(o)  for  solutions  of  a PBT 
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,e  sulfonic  acid 
(unfilled  symbols) 


polymer  in  both  CH^SO^H  and  CISO^H,  With  both  solutions, 

B£Kc/Rg^(o)y  Be  is  about  zero,  as  esqjected  with  Eqn.  (9).  For  the 

solutions  in  CH^SO^H,  the  data  give  = ^00  ml/g,  or  if  ^ 

for  the  rodlike  chain,  a thermodynamic  diameter  d = 3 A for  PBT  in 

CHjSO^H.  It  may  be  noted  that  djj  b ^ in  this  case.  By  contrast, 

LS 

with  the  solutions  in  CISO^H,  is  so  large  that  reliable  extrapola- 

tion to  give  |[Kc/r^(o)]®  is  prohibited.  On  the  other  hand,  since 

(^c/Rg^(0)]^  is  equivalent  in  both  solvents,  it  is  reasonable  to 
LS 

estimate  by  extrapolation  of  the  data  in  CISO^H  solution  to  the 

value  ([Kc/B^^(o)3^  found  with  the  CH^SO^H  solution.  If  this  is  done, 

then  the  estimate  =2000  ml/g  is  found,  or  = I3  A for  PBT 

in  C1S0_H,  in  conqjarison  with  b ^ = 50  A for  C1S0_H,  By  contrast 

3 5 

2 LS  2 

with  djj  values  of  (s  ) determined  from  (s  )^p  ^ essentially 
the  same  in  the  two  solvents.  Evidently^  the  intermolecular  electro- 
static interactions  can  become  extremely  large  if  I is*  small  enough. 

A similar  result  is  observed  with  hydrodynamic  data.  For 
the  concentration  range  usually  studied^  values  of  (or 

are  much  larger  for  solutions  of  PM)  in  C1S0_H  in  comparison  with 
CH^SO^H.  In  fact^  some  typical  data  are  shown  in  Fig.  6.  It  can  be 
seen  that  for  solutions  with  concentration  c such  that  c[fj]  > ca  0. 
f|gp/c  is  much  larger  in  CISO^H  than  in  CH^SO^H^  with  fjgp/o  exhibiting 
a pronounced  downward  curvature  for  smaller  c.  It  appears  that  data  in 
both  solvents  will  give  the  same  value  of  as  would  be  expected  if 

d is  the  same^  for  the  pol3mier  in  the  two  solvents  at  infinite  dilution, 

n 

Curiously,  for  solutions  with  > 0,  cA-,  it  appears  that  ^ is 
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1/2 

nearly  inversely  proportional  to  , with  m = nearly 

the  same  (0.2)  for  several  PBO  polymers  with  -x,  2.3,  but  with  m 
tending  to  decrease  to  zero  for  PBO  polymers  with  smaller  Ctj].  In 
general,  it  appears  that  m is  smaller  with  PBT  polymers  in  comparison 
with  PBO  solutions. 

The  observation  that  1)gp/c  appears  to  decrease  sharply  for 
c[ij]  < ca  0.  O^J-  suggests  that  the  effects  of  the  long  range  repulsive 
interactions  decrease  sharply  as  c is  decreased  below  this  level.  If 
the  solute  concentration  is  expressed  as  an  apparent  volume  fraction 
cp  defined  as 


V T \o) 


(62) 


where  v = Mc/N.  is  the  number  of  chains  per  unit  volume^  then  the 

A 

apparent  volume  fraction  corresponding  to  the  condition  c[tj]  = 0.  O^f 
is  given  by 


q3|  = 8f  X 0. oil-  (65) 

with  F given  by  Eqn.  (5c).  For  L/d  in  the  range  of  interest  here,  this 
result  gives  qj*  ^ 0. 3,  showing  that  the  packing  of  the  ' equivalent 
spheres’  swept  out  by  rotation  of  the  rodlike  chains  is  quite  dense 
for  0. 0l|-.  ^patently,  with  solutions  of  PBO  in  low  ionic 

strength  solvents,  the  electrostatic  interactions  are  sufficient  to 
result  in  near  mutual  exclusion  of  chains  from  the  molecular  volume 
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swept  out  by  a rod  in  rotatory  motion  about  its  center.  With  solvents 
with  a higher  ionic  strength^  these  interactions  are  effectively  shielded, 


so  that,  for  example,  is  nearly  independent  of  c as  expected  for 

polymers  with  only  short  range  repulsive  interactions. 

The  variation  of  [,f}\  with  c for  > 0.04  may  reflect  to 

a slight  increase  in  the  shielding  of  electrostatic  interactions  with 

increasing  c.  Such  an  effect  might  reasonably  have  proportional 

^ 1/2 

to  c ' . 


The  hydrodynamic  data  obtained  by  IFLS  exhibit  a parallel 
behavior.  Values  of  determined  for  a PBO  pol3niier  in  solutions  in 

CILSO^H,  C1S0_H  or  C1S0,H  containing  0.01  M GlSO^Li  are  shown  in  Fig.  7. 

5 5 5 5 5 

It  is  seen  that  in  pure  CISO^H,  is  about  100  fold  smaller  than  in 

3 M 

CH^SO^H,  or  in  CISO^H  containing  added  salt.  According  to  Eqn.  13-I5j 


(1  + 2A^Mc  + ...) 

(1  + f(M,A2)c  + ..  . ) 


(64) 


It  may  be  seen  that  the  observed  effects  of  long-range  electrostatic 

interactions  are  not  predicted  by  Eqn.  (64)^  unless  f(M^i^)  is  much 

greater  than  A large  is  unusual^  but  would  be  consistent 

with  the  very  large  / 9c  observed  with  PBO  solutions  in  CISO  H. 

c ^ 

The  small  values  of  D.,  for  solutions  in  CISO^H  indicates 

M 5 

that  molecular  translation  is  nearly  prohibited  by  long  range  electro- 
static interactions.  In  principle^  the  emission  anisotropy  r can  be 
used  to  study  the  effects  of  ionic  strength  on  the  rotatory  diffusion 

constant  by  use  of  Eqns.  (25-29).  In  practice,  for  PBO  and  PBT, 

K 
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10’°  Dm17o  (GRAM  CM/SEC^) 


0 1.0  2.0 
10^  CONC.  (G/DL) 


Figure  7 DxiTfo  CMU  PBO  l6o/8  in  methane  sulfonic  acid  (unfilled 
sWbols),  chloro sulfonic  acid  f filled  symbols)  and  chloro- 
sulfonic  acid  with  added  lithium  chlorosulfonate  (half- 
filled  symbols). 
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values  of  r are  usually  in  the  range  0.2  to  and  are  influenced 

considerably  by  low  molecular  weight  components  of  the  molecular  weight 
distribution  (see  Eqn.  29).  Excitation  lifetime  measurements  (obtained 

with  the  cooperation  of  Dr.  Kohji  Chihara,  CMU  Department  of  Chemistry) 

-9 

show  that  T„  is  in  the  range  I.5  x 10  ^s  for  PBO,  so  that  if  p = 0 
£ 

F S 1 

(r^  = 0.4),  then  D^^  is  in  the  range  10  sec  , so  that  chains  with 

F 

M .in  the  range  1000  and  less  contribute  greatly  to  D . With  Eqns.  25- 

R 

F 

29,  the  quantity  is  given  by 


Therefore^  effects  of  ionic  strength  on  rotatory  diffusion  should  be 
revealed  as  variations  of  T7g(^Q  * Values  of  tjg  2.5  cp  for 

CISO^H  and  10.5  for  CH^SO^H  at  25°C.  T3rpically^  values  of  r are 

nearly  the  same  for  solutions  of  a particular  PBO  or  PBT  polymer  in  CISO.2.H 

.5 


F 

these  two  solvents.  Consequently,  either  f®  so  small  that 

£ R 

F 

r r^  < 0.4  or  Dj^  is  significantly  less  in  CISO^H  than  in  CH^SO^H. 
Studies  on  concentrated  isotropic  solutions  (ca  2 percent)  give 
r /-o  r^  equal  to  0.4. 

F 

This  suggests  that  is^  in  fact^  depressed  in  a low  ionic 
strength  solution,  as  is 

2.  Exclusion  Chromatography.  Exclusion  chromatography  obtained  for 
several  polymers  in  CH^SO^H  are  shown  in  Figs.  8 and  9*  'Oio  chromato- 
graphy reveal  considerable  difference  in  the  molecular  weight  distri- 
bution of  the  polymers  studied.  Values  of  M ^^.^9  were 
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Exclusion  chromatography  obtained  on  several  PBO  polymers 
in  MSA.  Left  to  right:  CMU  I60/8,  Celanese  9A,  AFML  2, 
AFML  5,  Celanese  3,  and  AFML  6. 
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Figure  9 Exclusion  chromatograpjiy  obtained  for  SRI  FBI  20.  Absorp- 
tion of  the  eluent  at  440  nm  versus  elution  volume  Ve  and 
log  M. 


calculated  with  Eqn,  (58),  using  the  constant  B established  by  calibra- 
tion with  flexible  chain  polymers,  and  Eqn.  (lA)  from  the  ^pendix. 

For  example,  M * '^ith  f(V^)  equal  to  the  (relative)  concen- 
tration of  the  solution  with  elution  voltime  V . As  shown  above,  the 
constant  A is  not  needed  to  conqjute  M etc.  The  exponent 
a = was  put  equal  to  1,8  in  the  calculations.  Values  of 

M etc,  are  entered  in  Table  1,  along  with  M^,  calculated  as 


(66) 


where  w.  is  the  fraction  of  the  eluent  with  elution  volume  (V  ) 

^ ® J 

within  dV  , and  computed  with  Eqn.  (58).  Estimation  of 

does  require  use  of  the  coefficient  A.  In  these  calculations^  it 

is  assumed  that  A A . the  value  established  with  a flexible  chain 

c^ 

pol3mier.  If  Eqn.  (37)  should  be  applied  instead,  then,  as  mentioned 
above^  values  of  M deduced  with  Eqn.  (38)  using  A = A^  instead  of  A - A^ 
will  be  about  10  percent  too  large. 

The  values  of  M Btc^  are  surprisingly  small  for  a 

15 

step-growth  pol3mier.  This  effect  has  been  discussed  elsewhere  in 
terms  of  the  polymerization  mechanism  with  the  rodlike  chain. 

3,  Fluorescence  ^d  Absorption.  The  electronic  absorption  spectra  of 
two  PBO  polymers  are  shown  in  Fig.  10.  It  may  be  seen  that  the 
extinction  coefficient  |j.  is  identical  for  the  two  polymers  for  short 
wavelengths^  but  that  substantial  differences  between  the  spectra 
obtain  in  the  long  wavelength  region.  This  behavior  is  characteristic 
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EXTINCTION  COEFFICIENT 


300  400  500  600  700 

WAVELENGTH  (NM) 


Figure  1C  Absorption  spectra  of  AFML  PBO-5  solid  line)  and  CMU  PBO 
l6o/8  (dashed  1 ine)  showing  differences  at  long  wave- 
lengths. 
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TABLE  1 


EXCLUSION  CHROMATOGRAPHY  DATA  OBTAIHED  ON 
SEVERAL  PBO  POLYMERS;  ORIGINAL  AND  AFTER 
PRECIPITATION  FROM  METHANE  SULFONIC  ACID  SOLUTION 


Polymer 

M 

e 

M /M 
w n 

M /M 

z'  w 

M /M  . 

z'  z+1 

MIS- 160/8 

17,000 

1.60 

l.i|-9 

1.38 

1st  recov. 

15,500 

1.53 

l.k7 

l.l|-0 

AFML-2 

11,000 

l.l|-9 

1.38 

1.29 

1st  recov. 

12,500 

1.52 

l.ii-5 

1.36 

afml-6 

6,000 

l.l|-5 

l.kS 

1-39 

afml-5 

10,000 

l.kh 

1.37 

1.30 

Cel. -3 

6,200 

1.28 

1.23 

1. 18 

Cel.  -9A 

111-,  000 

1.50 

l.k3 

1,37 

of  tne  spectra  for  all  of  the  PBO  polymers  examined.  The  spectra  for 
the  long  wavelength  region  for  several  PBO  polymers  is  shown  in  Fig. 

11.  It  appears  that  some  of  the  polymers  have  a component  with  sub- 
stantial absorption  in  the  long  wavelength  region^  but  it  does  not 
appear  that  all  of  the  data  can  be  entirely  explained  by  postulating 
various  coiqpositions  of  two  components.  The  long  wavelength  spectra 
of  a series  of  PBO  pol3niiers  removed  from  a polymerization  flask  after 
various  times  of  polymerization  are  shown  in  Fig.  12.  It  can  be 
seen  that  the  shorter  chain  length  polymers  obtained  early  in  the 
polymerization  exhibit  the  strongest  long  wavelength  absorption.  For 
these  pol3nners^  the  trend  is  regular^  and  the  observed  spectra  can  be 
understood  as  the  sum  of  the  spectra  for  two  components^  one  with  very 
weak  absorption  in  the  long  wavelength  region  and  one  with  strong 
absorption  and  two  absorption  maxima  in  the  shorter  wavelength  region- 
both  have  the  same  absorption  in  the  short  wavelength  region. 
Tentatively^  we  suggest  that  the  characteristic  strong  long  wavelength 
absorption  is  due  to  undissolved^  small  microcrystalline  PBO  fragments 
For  exanple^  the  characteristic  green  color  of  solutions  with  strong 
long  wavelength  absorption  is  similar  to  that  for  concentrated  solu- 
tions of  PBO  in  HOSO_H  which  are  known  to  contain  undissolved  PBO. 

5 

Moreover,  it  seems  reasonable  to  associate  absorption  at  such  long 
wavelengths  with  some  form  of  a strongly  interacting  solute  structure. 
Since  the  extinction  coefficient  for  the  postulated  second  component 
is  unknown  at  present,  we  cannot  estimate  the  fraction  that  might 
be  present  from  the  observed  extinction^  but  it  is  believed  to  be 
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Figure  11  Absorption  spectra  of  several  PBO  polsnners  in 
the  long  wavelength  region. 


0009 
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only  a small  amount  or  involve  very  small  aggregates  since  the 
material  is  not  evident  on  visual  inspection. 


The  fluorescence  spectra  of  PBO  is  as  complex  as 
the  absorption  spectra.  The  (uncorrected)  spectra  observed  with  a low 
molecular  weight  PBO  MIS-l6o/i<-  (absorption  spectra  in  Fig.  12)  for 
several  excitation  wavelength  are  given  in  Fig.  I3.  Three  separate 
emission  bands  may  be  identified;  one  emission  is  excited  by  absorp- 
tion in  the  low  wavelength  region  (l|-00  to  5OO  im);  a second  is 
excited  in  the  midrange  of  the  absorption  spectra  (5OO  to  600  nm); 
and  a third  is  excited  by  absorption  in  the  red  wavelength  range 
(greater  than  60O  nm).  M>sorption  at  51^*5  excites  both  of  the 
latter.  The  data  shown  in  Fig.  IJ  were  obtained  with  the  DLSA 
using  reflected  optics  (R^)* 

Some  data  for  (R^/c)  as  a function  of  c for  PK),  MIS-I60/I 
and  MIS- 160/5  (see  absorption  spectra  in  Fig,  12)  in  CH^SO^H  are 
shown  in  Fig.  l4.  In  these  experiments,  \ = 51^*5  nm  and  X'  = 686  nm. 
According  to  Eqn.  (50b),  the  intercepts  at  infinite  dilution  give 
*J^X  «,  slopes  give  |j,^4  + + K^.  (The  quantimi  efficiency 

is  an  apparent  value  since  the  wavelength  dependence  of  the  photo- 
multiplier is  unknown).  Since  and  precisely  known,  the 

latter  gives  the  Perrin  quenching  coefficient  K . The  results. 


^514.5 

“514.  s'"*  ^ 

MIS 

160/1 

2.9 

1.22 

1.95 

1.60 

O.lfl 

MIS 

160/5 

0.9 

0.& 

0.  56 

0. 90 

0.1|-2 

show  that  calculated  as 

A 

ifO 

divided  by 

the  same 

* The  subscript  A indicates  an  apparent  from  relative  Intensities. 
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(Rp^/c)  versus  concentration  in  methane  sulfonic  acid 
(see  Eqn.  56  in  text)  for  two  early  aliquots  removed  from 
a polymerization  in  PPA  at  I60OC.  Excitation  at  3lk.^  nm 
emission  at  686  nm. 


for  the  two  PBO  polymers,  whereas  is  constant.  It  is  possible  that 


the  true  quantum  yield  for  the  fluorescent  species  with  emission 
maxima  at  586  nm  should  be  the  same  for  the  two  polymers,  and  that 
the  apparent  difference  in  reflects  the  effects  of  some  absorption 
at  ^ giving  rise  to  species  that  do  not  give  fluorescence  at 

686  nm.  (That  this  is  true  is  evident,  for  example,  in  Fig.  I3). 

For  example,  if  the  absorption  at  66k  nm  is  characteristic  only  of 
the  fluorescent  species,  then  would  be  expected  to  be  more 

constant  than  itself.  For  the  data  on  MIS  I60/I  and  3^  this  ratio 
is  nearly  constant  at  0. 65.  With  this  siiiple  interpretation,  variation 
of  calculated  by  division  of  provides  information  on 

the  extent  of  aggregation. 

F 

Additional  data  have  been  collected  on  R /c  for  a number 

P 

of  PBO  and  PBT  polymers  using  the  ALSA  with  632.8  nm  incident  wave- 
length. As  seen  in  Fig.  I3.  fluorescence  emission  centered  at  686  nm  is 
excited  by  632.8  nm  incident  light.  With  the  ALSA^  an  interference 
filter  was  used  to  reject  632.8  nm  light,  but  accept  light  of  other 
wavelengths.  Thus,  Eqn.  (30b)  becomes 


Rp/c  = S f(X')exp[-(n^X-Hiy^'+Kq)c] 

X 


where  f(X*)  the  transmission  factor  of  the  interference  filter  for 

light  of  wavelength  X’ 5 f(X* ) is  a relatively  flat  function  with  the 

interference  filter  used.  With  the  arrang/ennent  used,  jJ  = X*  ^6  mm. 
Plots  of  £nRp/c  versus  c are  shown  in  Fig.  I5  & 16  for  PBO  and  Fig.  17 

for  PBT  polymers.  The  solvent  fluorescence  has  been  subtracted  from 


Figure  15  T-.  (kJ/c)  versus  concentration  for  several  PBO  polymers  in 

chlorosulfonic  acid.  Excitation  at  652.8  nm.  Circles  with 
pips  clockwise  from  top:  AFML  PBO  50,  AFML  PBO  9,  AFML  PBO  2 
and  AFML  PBO  6.  Triangles:  CMU  PBO  I60/8;  squares:  Celanese 
PBO  5 and  diamonds:  Celanese  PBO  9 A. 


Figure  l6  T-:  (Rp  /c)  versus  concentration  for  several  PBO  pol5miers  in 
methane  sulfonic  acid.  Excitation  at  652.8  nm.  Circles 
with  pips  clockwise  from  left:  AFML  PBO  6,  AFML  PBO  5 and 
AFML  PBO  9.  Triangles:  CMU  PBO  I60/8. 


the  total  for  the  data  shown  in  Figs,  ik-ll . Satisfactory  linear 

plots  of  versus  c are  obtained,  showing  Eqn.  (6?)  can  be 
P 

approximated  as 


Rp/c  = + HgppX  + Kq)< 


(68) 


where  is  an  effective  extinction  coefficient  for  the  fluorescent 

Err 

radiation.  Values  of  entered  in  Table  2 for 

several  poljnners  in  CH^SO^H  and  CISO^H.  Considerable  variation  of 
^632  8 seen  among  the  polymers,  reflecting  the  variations  among  the 
spectra  shown  in  Fig.  11. 

The  data  in  Table  2 exhibit  a coirplex  relation  between  |i  and 

A 

|i  K . By  contrast,  as  may  be  seen  in  Fig.  l4-17,  the  tangent 
A A 

F 

B(fe  Rp/c)y^  is  nearly  the  same  for  all  the  PBO  polymers  studied,  with  the 

factor  (|j,^  + M-gpp)^  + Kg  in  Eqn.  (68)  about  equal  to  700  + 100  ml/g, 

or  Kq  = 700  - g^p).  Since  |i^  ^ Ugpp  550  ml/ g cm  for  most  of 

the  polymers  studied,  this  result  (with  jJ  = 0. 7 cm)  gives  Kq  200  ml/g. 

With  PBO  AFML-5,  [i  is  about  983  ml/g  cm  , and  (|a.  + is 

A A ^ 

1360  ml/g.  These  data  will  also  give  Kq  -u  200  ml/g  if  is  about 

670  ml/g  cm  . These  estimates  are  a little  less  than  the  more  precise 


value  = 4l0  ml/g  given  above  for  data  on  low  molecular  weight  PBO 
polymers.  Nevertheless,  it  appears  that  with  both  estimates  the  long 
wave  fluorescence  from  PBO  is  seen  to  exhibit  intermolecular 
quenching  of  the  Perrin  type. 

Centrifugation  of  dilute  PBO  solutions  usually  results  in 
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TABLE  2 


Extinction  Coefficient  P 632. 8»  K°  From 
Intercepts  of  Figures  15  and  I6 


a small  increase  in  R at  high  total  solute  concentration,  and  a decrease 
(few  percent)  in  at  low  solute  concentration.  If  the  solution  con- 
tains two  components  (designated  as  1 and  2)  then  (for  ^ ) 


L K C V n K c ""  1 1^"^ 

X,  111  2 ^ ^ ^ ^ ^ 


F 

Consequently,  the  observed  increase  in  could  correspond  to  a decrease 

in  the  concentration  c^^  of  some  con^onent  present  in  small  amount  that 

is  strongly  absorbing,  but  not  too  fluorescent.  If  it  is  assumed  that 

c = Cj^  + c^  ~ Cg,  and  that  c^/c^  -v  constant,  then  9j0nR  /dc,  will  be 

F 

negative  (increase  in  R ) at  large  c if  (|a  i + U ni  -i  )jJ  is  large  enough. 

P X^  i X ^ 

As  c decreases,  the  positive  term  on  the  rhs  of  Eqn.  (69)  will 

eventually  dominate,  and  BjfeR^/9c,  will  become  positive. 

As  shown  in  Table  2,  neither  or  are  constants  for 

X A A 

all  of  the  PBO  pol3niiers  examined.  Some  samples  (e.  g. , CEL-3 CEL-9A 
and  AFML-5)  give  substantially  greater  fluorescence  than  the  remaining 
PBO  polymers,  and  to  an  extent,  \x  is  also  large  for  these  polymers, 

A 

albeit  that  is  itself  on  the  high  side.  Apparently,  with  these 
polymers,  the  data  can  be  understood  by  postulating  the  presence  of 
an  absorbant,  fluorescent  species  of  PBO,  possibly  a microerystalline 
phase.  These  are  the  pol3nners  for  which  the  long  wavelength  absorption 
spectra  exhibits  a peak  at  66k  nm  (see  Fig.  11).  Polymers  AFML-2  and  9 
give  the  lowest  value  of  (~  80),  even  though  [i  is  rather  large 

for  AFML-2.  These  may  contain  small,  variable  amounts  of  some 
aggregated  PBO.  With  polymers  AFML-6  and  30  and  MIS-I60/8, 

A " 
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tends  to  be  larger  than  the  minimal  value  (e. g,  I60-25O  instead  of  80), 


again  with  11  variable.  These  polymers  may  contain  both  of  the  postu- 
A 

lated  minor  coti^onents  in  varying  degree. 

Effects  of  Centrifugation:  It  ^as  mentioned  above  that  the 
fluorescence  behavior  is  affected  by  centrifugation^  apparently  by 
the  removal  of  some  strongly  absorbing  minor  coinsonent.  The  angular 
dependence  of  the  light  scattering  studied  by  AILS  also  reveals  the 

loss  of  some  mitujr  cOTiponent  after  centrifugation.  Plots  of  0n 

2 2 

versus  h exhibit  decreased  initial  slope  and  decreased 

intercept  Ry^(o)  after  centrifugation.  Typical  data  are  shown  in 

Figs.  18  and  I9.  Beth  effects  can  be  attributed  to  the  reirwval  of  a fairly 

large,  minor  con^jonent  during  centrifugation.  The  apparent  radius  of 
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gyration  (s  equal  to  (l/5)S^R^^Bh  is  about  5 x 10  A . 


Interestingly^  ^v^^^  usually  not  greatly  changed  by 
centrifugation^  see  Figs.  18  and  I9.  i^parently^  the  minor^  relatively  large 
component  that  has  an  appreciable  effect  on  R^^(h)  does  not  affect 
R^^(h)  in  so  disproportionate  a fashion.  This  may  indicate  that  the 
minor  component  consists  of  a disorganized  aggregation  of  the  rodlike 
chains. 


The  cells  used  for  IFLS  experiments  permit  measurements  at 
several  heights  along  the  cell  lengthy  corresponding  to  different 
positions  in  the  centrifugal  field  when  the  cell  was  centrifuged  in 
a swinging-bucket  rotor*  Owing  to  the  small  diameter  of  the  cell, 
redistribution  of  species  separated  during  centrifugation  Is  slow. 


to®  jKc/R 


3^  5 


Figure  jg 


SIN2(^/2) 

Reciprocal  total  scattering  /'ll  \ 

vertically  polarLid'^LSd  scattering 

t^ifir  sulfLic  acid  * cirM 

angles;  after  centrifugation  i 5 ^ ' uncentrifuged 
c = 0.M5  g/di  itugatxon  lo  hours  at  5,000  G. 
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Figure  I9 


Reciprocal  scattering  for  CMU  PBO  I60/S  in  chlorosulfonic 
acid.  Symbols  the  same  as  in  Fig,  I8, 
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If  carried  to  equilibriiJin^  the  centrifugation  would  result  in  a concen- 
tration gradient  along  the  length  of  the  cell^  with  the  concentration 
and  c^  at  the  extrema  given  by  (for  the  idealized  case) 


0n  c^/ 


w 


9c 


2,  2 

OD  " 


)2RT 


(70) 


where  r^  and  r^^  are  the  radii  at  the  extrema^  ^ is  the  angular 
velocity  and  Sp/gc  ^ 1 - vp  is  the  * buoyancy  factor’.  With  reasonable 
values  of  9p/ 9c  and  use  of  Eqn.  (70)  indicates  that  c^  and  c^^, 
should  be  at  most  20  percent  apart  at  equilibrium  for  the  u)  used 
(8^000  rpm).  Moreover^  it  is  unlikely  that  equilibrium  was  achieved 
for  the  centrifugation  time  used  (10-20  h)  with  the  imprecise  control 
of  0)  and  temperature  obtaining  in  the  preparative  centrifuge  used. 

Values  of  were  measured  for  cell  positions  of  13  and  l4  cm 
(rj^  r^lO  and  r^  -o  15  cm)  after  12  hours  of  centrifugation  with  the 
results  shown  in  Fig.  19-  It  can  be  seen  that  differs  by  a 

factor  of  1.56^  with  being  larger  for  the  lower  cell  position. 

For  rodlike  polymers  the  sedimentation  constant  S given  by 


S 


M 9p 
^0  9c 


(71) 


depends  only  weakly  on  molecular  weight.  However,  S for  rodlike 
chains  is  nearly  proportional  to  JL  ; 
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Figure  20  for  CMU  PBO  l6o/8  in  methane  sulfonic  acid  after 

c'entrifugation.  Pips  up;  upper  portion  of  cell;  pipi 
down:  lower  portion  of  cell. 


(72) 


M M 

S = H(L/d„)  « L/d 

3nl7Q  ' H'  5TTt7Q  H 

Consequently,  the  variation  of  with  cell  position  after  centrifuga- 
tion may  reflect  differences  in  the  degree  of  association  of  chains 
associated  in  parallel  array.  With  this  model,  the  aggregates  in  the 
lower  part  of  the  cell  would  have  a length  about  6o  percent  longer  on 
the  average  than  the  species  at  the  upper  part  of  the  cell. 

1/2 

4.5  Estimates  of  the  Rod  Length!  Values  of  L and  (L  L , ) ' esti- 
s — ^ X 2 z+1 

mated  from  various  experiments  are  given  in  Table  5»  The  most 

complete  set  of  data  are  those  for  PBO-MIS-I60/8,  for  which  it  can 

be  seen  that  the  estimates  for  L vary  widely  as  calculated  for  the 

w 

relations  for  rodlike  chains.  Moreover^  a systematic  difference 
obtains  between  estimated  from  GPC  and  [tj]  for  almost  all  of  the 
pol3rmers.  (The  large  value  of  5 makes  it  unlikely  that  the  chain  con- 
formation deviates  much  from  a rodlike  structure^  e. g.  for  8 = 0.6^ 
the  minimum  value  L/ p would  be  about  unity  and  if  8o<l, 

L/p  would  have  to  be  smaller-  Interestingly^  for  MIS-l6o/8^ 

among  the  estimates  of  L from  GPC^  and  are  in  best  agreement.  ) 

The  former  is  obtained  with  very  low  poljnner  concentration,  and  the 
latter  is  nearly  independent  of  Thus,  these  estimates  would  be 

as  nearly  free  of  the  effects  of  association  as  any  of  the  experimental 
values.  If  the  chains  associate  in  parallel  array,  the  value  of  [tj] 
would  be  decreased,  by  a factor  about  equal  to  the  degree  of 
association  v reflecting  the  decrease  in  the  ntmiber  of  species  giving 
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rise  to  the  viscous  loss.  Thus,  the  value  of  in  Eqns.  (21)  and 

where  is  the  mass  per  unit  length 

of  the  undissociated  chain.  For  MIS-I60/8,  it  appears  that  with 

V = 2.8,  values  of  L calculated  from  L and  L « are  then  in 

’ w n ri,  A 

reasonable  agreement  with  L from  the  GPC  and  L_  . 

w a 

Alternatively,  one  might  inquire  whether  the  low  value  of, 
for  example,  L h-  could  be  caused  by  deviation  from  rodlike  chain 
conformation.  For  chains  with  intermediate  l/ p,  the  functions  w(l/ p) 
in  Eqn.  (l)  and  H(L/p,  Eqn.  (5)  cannot  be  replaced  by  their 

limiting  values  for  small  L/p  for  rodlike  chains.  For  example, 
expansion  of  the  former  for  small  l/ p gives 

4 = ■ 5^Vp)  + - •••]  (75) 

Estimates  of  from  Eqns.  (l)  and  (73)  are  within  2 percent  for  L/p 

less  than  2.  It  may  be  remembered  that  for  PBO,  the  observed  values 

of  5 indicate  that  l/ p is  no  larger  than  unity,  and  perhaps  much  less 

than  unity  if  5 is  less  than  unity.  For  L/p  < 1,  H(l/p, 

essentially  equal  to  H(L/dg).  Consequently,  the  substantial  deviation 

of  L calculated  from  L _ from  the  estimate  based  on  GPC  data  is 
w 77,H 

too  large  to  be  attributed  to  departure  from  a strictly  rodlike  confor- 
mation, even  if  l/ p has  its  maximum  value  of  unity  for  PBO.  Indeed, 
the  relative  insensitivity  of  H/F  to  L/p  <1  provided  part  of  the 
motivation  for  interest  in  L , and  the  need  to  involve  interchain 
association  to  explain  the  results  for  L _ . 


(22)  should  be  replaced  by 
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The  reported  values  of  L based  on  AILS  measurements  of 

or  are  biased  by  neglect  of  data  for  scattering  angles  less 

than  about  50  deg.  As  discussed  in  a previous  section,  use  of  the 

2 

low  angle  data  would  give  a large  value  for  and  (s  reflect- 

ing the  presence  of  a small  amount  of  some  large  (aggregated)  species. 
Consequently,  cou^arison  of  these  values  of  with  those  based  on 

, L or  L ^ cannot  be  unequivocal.  For  example,  the  estimate  of 
Tiv  fj 

= 1200  A based  on  [Kc/R^^(0)3  may  reflect  some  interchain  associa- 
tion even  though  Kc/R^^(o)  was  obtained  by  extrapolations  neglecting 
data  for  scattering  angle  less  than  ca  50  deg. 

4.6  Phase  Equilibria  in  Moderately  Concentrated  SolutionsT  Both  PBO 
and  PBT  will  form  nanatic  liquid  crystalline  solutions  in  CH^SO^H  or 
C1S0_H  under  appropriate  conditions  of  concentration  and  temperature, 

3 

According  to  Flory  and  coworkers,  (athern^l)  solutions  of  rodlike 

polymers  with  polymer  volume  fraction  <p  will  be  isotropic  provided 

cp  is  less  than  some  critical  value  ^ (more  precisely,  ^ is  the  thresh- 

c c 

hold  concentration  required  for  incipient  separation  of  an  ordered 

phase  from  an  isotropic  solution).  For  a rodlike  polymer  with  a most 

probable  distribution  of  lengths  (L = 2,  etc.  ),  may  be  expressed 

l6 

in  terms  of  the  number  average  aspect  ratio  x: 


-1.  "1 
(p  = p enp 


(7ha) 


\ = (i-p)' 


f74b) 
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or,  for  large  x^. 


X 

n 


In  comparison^ 


for  a monodispersed  rodlike  pol3niier 


17 


(74c) 


8 ,,  2s  8 

X ^ x'  — X 


(75) 


Both  Eqns.  (74  and  75)  apply  to  athermal  solutions^  so  that^  for 
example^  cp^  is  expected  to  be  independent  of  temperature  or  solvent. 
The  approximately  eight- fold  decrease  in  cp^  for  a polymer  with  a 
most  probable  distribution  as  con^ared  with  the  monodisperse  case 
reflects  preferential  separation  of  the  longer  chains  in  the  distri- 
bution with  the  former.  Indeed,  Flory  and  coworkers  predict"^  that 
the  chains  will  be  portioned  between  the  two  phases  according  to 
chain  length.  The  phase  equilibria  of  moderately  concentrated  solu- 
tions of  PBO  and  PBT  have  been  studied  using  polarized  light  micros- 
copy. In  these  experiments,  a solution  was  placed  in  the  cell  shown 
in  Fig.  20  by  drawing  the  solution  up  through  a Teflon  tube  attached 
to  the  Luer  fitting;  the  solution  was  not  allowed  to  enter  the  tube 
leading  to  the  vacuum.  The  latter  tube  was  sealed  by  fusing  the 
glass,  and  the  Luer  fitting  was  closed  using  a Teflon  stopcork. 
Solutions  so  sealed  remain  free  of  moisture  induced  coagulation 
indefinitely. 
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Vacuum 


Cell  for  observation  of  phase  changes. 
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Figure  21 


The  sealed  cell  can  be  fitted  into  the  thermostatted  stage 
of  a polarizing  microscope  for  determination  of  the  phase  diagram  for 
the  solution  over  a temperature  range  of  about  0^  to  120^  C»  Results 
for  two  PBT  polymers  are  shown  in  Fig.  21.  The  phase  diagram  can  be 
characterized  by  the  temperature  interval  AT^  for  biphasic  stability 
for  a solution  with  polymer  volume  fraction  cp^  and  the  concentration 
interval  Acpj,  for  biphasic  stability  for  solutions  at  temperature  T. 
Presently,  the  most  complete  set  of  data  available  is  for  solutions 
of  PBT-SRI-53  in  CISO^H  , ( [tj]  =14.0  in  CH^SO^H),  As  may  be  seen  in 
Fig.  21,  the  intervals  A and  A cpj,  are  narrow  for  this  polymer,  and 
the  phase  diagram  exhibits  concave  curvature  over  the  range  of  T and 
cp  explored.  The  latter  appears  to  be  typical  behavior  for  solutions 
of  rodlike  polymers  in  protic  acid  solvents.  Less  complete  data  are 
available  for  solutions  of  PBT-SRI-20  in  CISO^H  and  CH^SO^H.  ([77]  = 
6.2  in  CH^SO^H).  As  shown  in  Fig.  21,  A cpp  tends  to  be  somewhat 
larger  for  this  lower  molecular  weight  polymer,  and  surprisingly,  the 
concentration  interval  for  the  biphasic  solution  is  different  with 
the  two  solvents  used.  Similar,  if  less  complete,  Jsehavior  is 
exhibited  by  PBO  solutions  as  may  be  seen  in  Table  4. 

An  estimate  for  cp^  for  PBT-SRI-20  calculated  with  Eqn.  (74), 
with  x^  = ^n^^  ~ shown  in  the  range  of  the  concentration  for 

the  onset  of  anisotropy  determined  experimentally  but  since  the  latter 
varies  with  temperature,  a meaningful  comparison  with  cp^  calculated 
with  Eqn.  (74)  is  not  feasible. 

Neither  the  temperature  dependence  observed  for  the  phase 
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Tet!q>erature  and  concentration  limits  of  the  biphasic 
region  for  PBT  solutions. 


Figure  22 


TABLE  ij- 


Temperature  and  Concentration  Ranges  For 
Biphasic  Solution  in  PBO  and  PBT  Pol3miers 


POLYMER 

SOLVENT 

SYSTEM 

VOLUME 

FRACTION 

(AT)^ 

' TEMPERATURE 

PBT-53 

CSA 

0. 0226 

6°c 

20°C 

0. 0015 

= 1^.0 

CSA 

0.026 

9°c 

di/g 

CSA 

0.036 

7°C 

8o°c 

0.002 

PBO-5 

[tj]  =2.5dl/g 

MSA 

0.075 

105°G 

PBO-37 

CSA 

■■ 

101°C 

[7j]  = 2.2dl/g 

MSA  + 
2.5^  CSA 

■1 

50°c 
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diagram  or  the  variation  with  concentration  can  be  represented  by  the 
athermal  mixing  models  used  to  derive  Eqn,  (7^).  Possible  explanation 
for  the  observed  behavior  could  include  (orientational  dependent) 
Intermolecular  interactions  and/or  intermolecular  association.  For 
exatrq>le,  if  the  rodlike  chains  are  aggregated  in  parallel  arrays  with 
V molecules  per  bundle,  then  the  effective  number  of  species  is 
decreased,  with  some  concomitant  decrease  in  the  effective  L/d  ratio. 
This  effect  could  account  for  the  observed  increase  in  the  concentra- 
tion range  for  biphasic  stability  in 

with  solutions  in  CISO^H.  It  is  expected  that  this  behavior  will 
become  better  understood  as  additional  data  are  acquired  in  future 
studies. 


3HjS0^H  solutions  as  compared 
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5.  CONCLUSIONS  AND  SUMMARY 


The  characterization  of  PBO  and  PBT  by  the  physical  chemical 
methods  described  above  shows  that  both  can  be  regarded  as  rod- like 
polymers^  but  that  interpretation  of  the  physical  chemical  data  is  compli- 
cated by  the  effects  of  intermolecular  association.  The  latter  leads 
to  aggregated  states  that  are  probably  not  at  equilibrium,  so  that  the 
physical  chemical  data  can  be  influenced  by  the  association  in  ways 
that  are  both  difficult  to  reproduce  and  interpret.  Consequently,  it 
is  generally  necessary  to  use  a combination  of  physical  methods  to 
characterize  the  properties  of  the  rod-like  chains.  Methods  used  in 
this  study  include  absolute  intensity  and  intensity  fluctuation  light 
scattering  (AILS  and  IFLS),  viscometry  and  absorption  and  fluorescence 
spectroscopy.  With  the  AILS  measurements,  the  analysis  of  the  depolar- 
ized scattering  components  proves  to  be  very  useful,  providing  rather 
direct  evidence  of  extended  chain  conformation. 

Owing  to  the  tendency  for  intermolecular  association,  it  is 
necessary  to  use  strong,  protic  solvents  to  dissolve  PBO  and  PBT. 

These  protonate  the  chain  so  that  the  resultant  solution  properties  are 
sensitive  to  the  ionic  strength  of  the  system.  It  is  shown  that  this 
has  profound  effect  on  the  concentration  dependence  of  the  solution 
properties  measured  by  AILS,  IFLS  and  viscometry.  When  the  ionic 
strength  is  very  low,  the  electrostatic  interactions  among  the  protonated 
rod-like  chains  result  in  strong  repulsive  interactions.  These  are  so 
large  that  reliable  extrapolation  to  infinite  dilution  may  be  impossible 
if  the  ionic  strength  is  low  enough  (as  with  solutions  in  chlorosulfonic 
acid,  for  example).  On  the  other  hand,  if  the  ionic  strength  is  too 
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large,  it  appears  that  interchain  association  is  favored.  In  general, 
the  tendency  for  association  appears  to  be  smaller  with  PBT  than  with 
PBO. 
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APPENDIX 


The  various  averages  of  the  molecular  weight  etc. 

can  be  expressed  generally  as 


I 00  _ Jc+1 
M 
o 


(lA) 


where  f(M)  is  the  weight  fraction  of  nwjlecules  of  molecular  weight  M 
and 

f(M)dM  = 1 (2A) 


Thus  M = M,,M  = M,M  = M,,  etc.  Exclusion  chromatography  (GPC) 
yields  the  weight  fraction  of  molecules  with  a given  volume  expressed 
as  a product  Eqn.  21  relating  and  M for  a rod-like  chain 

can  be  used  to  obtain  M from  the  product 


1/2.8 


(5A) 


Here  K is  a constant,  d^  is  the  hydrodynamic  diameter  and  is  the 
mass  per  unit  length.  Since  djj  and  K are  independent  of  molecular 
weight,  they  can  be  removed  from  the  Intergration  in  Eqn.  lA; 


(Kd 


0.2 


1/2.8 


f ( M)dM 


ffHldM 
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Ratios  of  the  various  averages  M etc.  will,  therefore,  be  indepen- 
dent of  values  used  for  Mj^,  d^  and  K. 
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